Similar to organophosphate (OP) nerve agents, diisopropylfluorophosphate (DFP) rapidly and irreversibly inhibits acetylcholinesterase, leading to convulsions that can progress to status epilepticus (SE). However, in contrast to the OP nerve agents, the long-term consequences of DFP-induced SE are not well known. Thus, we characterized the spatiotemporal profile of neuropathology during the first 2 months following acute DFP intoxication. Adult, male Sprague Dawley rats administered pyridostigmine bromide (0.1 mg/kg, im) 30 min prior to successive administration of DFP (4 mg/kg, sc), atropine sulfate (2 mg/kg, im), and 2-pralidoxime (25 mg/kg, im), exhibited moderate-to-severe seizure behavior, yet survived until euthanized at 0.5 to 60 days post exposure. Analyses of brains and hearts stained with hematoxylin-eosin, or of brains immunostained for neuronal nuclei (NeuN), glial fibrillary acidic protein (GFAP), or ionized binding adapter molecule 1 (IBA1), revealed progressive neuronal cell death, neuroinflammation, and tissue remodeling across limbic brain regions and the cerebral cortex, with no detectable pathology in the cerebellum or the heart. The lesion type and progression varied according to brain region and time after exposure. Across multiple brain regions, neuronal necrosis peaked after the first week, and neuroinflammation persisted at least 2 months after intoxication. Notably, mineralization was observed at later times in the thalamus, and to a more limited extent, in the hippocampus. Lesion severity was influenced by the initial seizure severity, and spontaneous recurrent seizures were associated with more severe brain damage. These findings parallel descriptions of neuropathology in preclinical models of acute intoxication with OP nerve agents, and other seizurogenic chemicals, suggesting conserved mechanisms of pathology downstream of chemical-induced SE.
Security list of credible terrorist threat agents (Jessica Cox, Department of Homeland Security, personal communication) due to its high toxicity, ease of access, and similarity to the OP nerve agents, sarin and soman, with respect to both structure and principal mechanism of toxicity. Like the OP nerve agents, DFP rapidly and irreversibly inhibits acetylcholinesterase (Millard et al., 1999) , leading to potentially lethal cholinergic crisis and convulsions that can progress to status epilepticus (SE) (Deshpande et al., 2010; Kadar et al., 1992; Kadriu et al., 2009; Rojas et al., 2015) . Although the toxicology of OP nerve agents has been extensively studied (de Araujo Furtado et al., 2012; McDonough and Shih, 1997) , significantly less is known about the consequences of acute intoxication with DFP. Whether the neuropathology of acute DFP intoxication differs from that of OP nerve agents is not known, but warrants investigation based on evidence that (1) each OP elicits a unique profile of toxic effects, despite a common, primary mechanism of toxicity of acetylcholinesterase inhibition for all OPs (Costa, 2006; Pope, 1999; Rosenbaum and Bird, 2010) ; (2) inflammatory responses vary between OP nerve agents and OP pesticides (Damodaran and Abou-Donia, 2000; Grauer et al., 2008; Liu et al., 2012) ; and (3) current therapeutic strategies are not equally effective against different OPs (Eddleston et al., 2008; Rosenbaum and Bird, 2010) .
Several preclinical models of acute DFP intoxication have recently been described (Deshpande et al., 2010; Pessah et al., 2016; Pouliot et al., 2016) . Characterization of these models has shown that acute intoxication with DFP, at doses that cause SE, triggers a robust neuroinflammatory response (Flannery et al., 2016; Li et al., 2015; Liu et al., 2012; Rojas et al., 2015) and an extensive, delayed neurodegeneration that proceeds via necrotic and apoptotic mechanisms (Kadriu et al., 2009; Li et al., 2011; Rojas et al., 2015) . However, little is known about the pathological changes occurring in the brain beyond the first several days following DFP intoxication. The few studies that have examined DFP-induced neuropathology beyond the first week postexposure report persistent neurodegeneration and neuroinflammation for up to 3 weeks following intoxication (Flannery et al., 2016) , and the development of deficits in learning and memory evident one to four months post-intoxication (Brewer et al., 2013; Flannery et al., 2016; Rojas et al., 2016; Wright et al., 2010) . However, in these studies, neuropathology was only examined in the hippocampus (Flannery et al., 2016; Rojas et al., 2016) and cerebral cortex (Flannery et al., 2016) , and neuropathology was not assessed at later time points coinciding with the manifestation of cognitive deficits. Furthermore, the relationship between the duration and severity of seizure behavior and the extent of the ensuing brain injury, whereas well established in OP nerve agent models (Lallement et al., 1994; McDonough et al., 1995) , has yet to be defined in the DFP model. Addressing these data gaps is critical to understanding the pathogenesis of clinically relevant cognitive deficits, with the ultimate goal of identifying potential therapeutic targets for protecting the brain against the long-term neurological sequelae of acute intoxication with DFP or other OPs.
Therefore, the purpose of the present study was to fully characterize and map the spatiotemporal progression of persistent neuropathology during the first 2 months following acute DFP intoxication, and to assess the relationship of initial seizure severity to subsequent neuropathology.
MATERIALS AND METHODS
Animals and DFP exposures. Animals were maintained in facilities fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care, and all studies were performed with regard for alleviation of pain and suffering according to protocols approved by the UC Davis Institutional Animal Care and Use Committee. Adult, male Sprague Dawley rats (280-320 g; Charles River) were individually housed under controlled environmental conditions (22 6 20 C, 40%-50% humidity)
with a 12 h light/dark cycle and ad libitum access to food and water. An overview of the DFP exposure paradigm used in these studies is provided in Figure 1A . A total of 41 rats were injected sc with 4 mg/kg DFP (Sigma Chemical Company, St Louis, Missouri) freshly diluted in 300 ml of ice cold PBS. To increase survival, animals received 0.1-mg/kg pyridostigmine bromide (TCI America, Portland, Oregon), im, 30 min prior to DFP administration, and 1 min following DFP, atropine sulfate (Sigma Chemical Company) at 2.0 mg/kg, im, and pralidoxime (2-PAM, Sigma Chemical Company) at 25 mg/kg in saline, im. By blocking peripheral cholinergic toxicity, these rescue compounds significantly reduce mortality. Vehicle controls (n ¼ 10) received 300 ml of PBS in place of DFP, and commensurate administration of pyridostigmine bromide, atropine sulfate and 2-PAM. At 6 h post exposure, DFP-exposed animals were injected sc with 10 ml of 5% dextrose in saline to replace lost fluids and to prevent hypoglycemia. Once returned to their home cages, animals were weighed daily and provided rat chow softened in water for 3-5 days until they were able to locate and consume standard chow and water. At 3, 7, 14, 21, and 28 days post exposure (DPE), animals underwent 1 or 2 rounds of in vivo imaging, with each round requiring 3 hours of isoflurane/O 2 (1.0%-2.0% vol/vol) anesthesia per round. Magnetic resonance imaging (MRI) data from these animals are reported in the companion paper by Hobson et al., in this issue of Toxicological Sciences.
Scoring seizure behavior. Because animals used in this study were also used for MRI, it was not possible to implant electrodes to assess electroencephalographic seizure activity. Thus, seizure behavior was scored using a scale ( Figure 1B ) developed previously to characterize seizure severity in a preclinical model of acute DFP intoxication (Deshpande et al., 2010) . Seizure behavior scores were collected at 5-min intervals from 0-to 120-min post-DFP, and at 20-min intervals from 120 to 240 min post DFP (! 16 observations per animal). Previous studies of acute DFP intoxication in rats have shown that a maximal seizure severity score (SS MAX ) ! 3 corresponds to SE, as determined by electroencephalography (Deshpande et al., 2010) . The temporal profile of seizure behavior was found to vary significantly across animals, with equivalent SS MAX scores ( Figure 1C ). To account for this variation, the seizure severity score was additionally calculated as a time-weighted average of the animal's individual seizure scores across the 240 min of observation (SS AVR ).
Histopathological examination. Brains were harvested at 8 different time point DPE, with at least 1 vehicle (VEH) control per time point (sample sizes at each time point are listed in Figure 1A ). Animals were deeply anesthetized with 4% isoflurane in oxygen and subsequently perfused transcardially with cold PBS (pH 7.2) followed by cold 4% paraformaldehyde solution in PBS. After fixation in 4% paraformaldehyde for a week, brains were serially trimmed and placed into 4-6 paraffin-embedded blocks. Five-micron-thick sections were mounted on positive charged adhesion slides, air-dried overnight at 37 C, and subsequently deparaffinized and rehydrated. A subset of sections from each brain was stained with hematoxylin-eosin (H&E). Intact hearts were also harvested from a subset of animals at early and late time points: 0.5 DPE (n ¼ 4 DFP and 1 VEH), 7 DPE (n ¼ 2 DFP), 14 DPE (n ¼ 2 DFP), 21 DPE (n¼ 1 VEH), and 28 DPE (n ¼ 3 DFP and 2 VEH).
All hearts were sagittally trimmed and processed for histopathological examination by H&E staining to investigate cardiac pathology and global ischemia. Brain sections were also immunostained for NeuN (neuronal nuclei, A60, MAB#377, 1:400; Chemicon International, Temecula, California), GFAP (glial fibrillary acidic protein, Z0334, 1:600; Dako North America, Carpinteria, California), and IBA1 (ionized binding adapter molecular 1, 19-19741, 1:600; Wako, Richmond, Virginia) to assess neuronal cell loss, astrogliosis, and microglial activation, respectively. Endogenous peroxidase activity was blocked with 0.3% hydrogen peroxide in methanol, and sections were subsequently rehydrated through serial dilution of the alcohol with water. Antigen retrieval procedures included either a step of heat-induced epitope retrieval using Dako Target Retrieval Solution (S1699) or, where appropriate, an enzymatic digestion with Dako Proteinase K (S3020), following the manufacturer's instructions. PBS-Tween 20 (0.02%) was the solvent used for the antibody and blocking solutions, and for all rinses. Sections were blocked in 10% normal horse serum for 20 min. All antigenantibody complexes were visualized via a 30-min incubation with Dako Envisionþ System-horseradish peroxidase-conjugated secondary antibodies (mouse K4001 or rabbit K4003), followed by reaction with Vector NovaRed for peroxidase (SK-4800). Sections were counterstained with Mayer's hematoxylin. Negative controls were incubated with diluent supplemented with normal serum, rather than the primary antibody. Standardized, positive control tissue was included for each antibody.
Neuropathology associated with DFP intoxication, specifically neuronal necrosis (NN), astrogliosis, microgliosis, and inflammation, was scored by a veterinary neuropathologist blinded to treatment, using a multiparametric scale ranging from 0 to 3, according to the following criteria: (a) acidophilic NN in the prosencephalon: 0, absent; 1, focal and a few neurons; 2, multifocal and > 1 layer of neurons; 3, segmental and > 1 layer of neurons. (b) IBA1 immunoreactivity in the prosencephalon: 0, absent; 1, focal; 2, multifocal; 3, segmental. (c) GFAP immunoreactivity in the prosencephalon: 0, absent; 1, focal; 2, multifocal; 3, segmental. (d) Neuronophagia in the cerebral cortex: 0, absent; 1, focal; 2, multifocal; 3, segmental. (e) Mineralization in thalamic nuclei: 0, absent; 1, multifocal to diffuse; 2, diffuse with neuronal ferrugination (dystrophic mineralization in association with dead neurons); 3, diffuse with ferrugination and spongy change. (f) Astrogliosis in the hippocampal formation: 0, none; 1, focal in one layer; 2, focal in > 1 layer; 3, segmental in at least 2 layers. (g) Spongiosis in the cerebral cortex: 0, absent; 1, focal in white matter; 2, multifocal in white matter; 3, white and gray mater. (h) Inflammatory cells: 0, absent; 1, focal in CC; 2, multifocal in CC; 3, segmental or multifocal in > 1 brain area. Overall lesion severity was evaluated using a total lesion (TL) score, defined as the sum of NN, astrogliosis, microglial activation, neuronophagia, mineralization, and spongiosis scored either within a single brain region (TL region ) or globally across all prosencephalic regions (TL global ).
Statistical analyses. The quantitative assessment of the severity and spatiotemporal distribution of lesions utilized all animals receiving an SS MAX of 3 or greater (39/41). Means and SDs by DPE were computed. Linear regression was used to assess the association between DPE and the histopathology severity scores; DPE and DPE-squared were included in the models to reflect the quadratic pattern observed in the data. To assess lesion severity across regions, repeated-measures regression models were used. These models included region, DPE, DPE-squared and the interactions between regions and DPE and DPE-squared. Using the estimated curves, the DPE of peak lesion severity was calculated by obtaining the estimated DPE at which the maximum severity occurred both overall and within each region; 95% confidence intervals (CIs) for the DPE of peak severity were computed using Fieller's method (Fieller, 1954) . Spearman correlation coefficients and corresponding 95% CIs were also computed. All analyses were conducted using RStudio, version 0.98.1102.
RESULTS
Seizures and Survival Following Acute DFP Intoxication DFP (4 mg/kg, sc) produced seizure behavior with a maximal score of ! 3 in 39 out of 41 rats within 10 min of subcutaneous injection. Among these 39 animals, the mean maximal seizure score (SS max ) was 4.4 6 0.7, whereas the mean of the behavioral seizure score averaged across the first 4 hours post exposure (SS AVR ) was 2.99 6 0.42. Among all DFP-exposed rats, 81% survived to 12 hours post exposure, whereas 76% survived until euthanized between 3 and 28 DPE. During handling of animals for husbandry and experimental purposes, behavioral evidence of spontaneous recurrent seizures (SRS), characterized as rearing and falling coincident with rapid, repetitive forelimb and hindlimb clonus that lasted approximately 30 sec, was observed in a subset of DFP animals as early as 7 DPE. Analyses of detailed notes regarding the incidence of SRS behavior during handling of animals 3-4 times per week post-DFP exposure, indicated that those animals observed to exhibit SRS (4/39) had significantly higher SS AVR during the first 4 hours after exposure to DFP, relative to other DFP-exposed animals included in the study (P < .05). This increase in SS AVR was attributed to more frequent scores of 4 and 5 on the scale of seizure behavior severity ( Figure 1B ).
DFP-Induced Neuronal Necrosis
Of the 39 DFP animals with SS MAX ! 3, 37 had lesions in their brains. Lesions were restricted to the allocortex (particularly the piriform and entorhinal cortices, amygdala, and hippocampus), neocortex (cerebral cortex) and thalamus. Lesions in those areas consisted of acidophilic NN (Figure 2A ), neuroinflammation ( Figure 2B ), and thalamic dystrophic mineralization (Figure 2C and D) . Notably, none of these lesions were detected in the cerebellum at any time point examined in this study. Hearts were collected from 11 of the DFP animals with brain lesions, and from 4 VEH controls, at multiple times post exposure, ranging from 0.5 to 28 DPE, and H&E stained for histopathological examination. None of the hearts from DFP or VEH animals exhibited lesions or evidence of ischemic damage (data not shown).
Neuronal necrosis was apparent as early as 12 hours post-DFP exposure, and persisted up to 60 DPE in multiple brain regions (Table 1 Examination of the regional spread of NN as a function of DPE (Figure 4 ) indicated that NN could be divided into 4 timedependent stages, as follows: (1) stage I (< 1 DPE), characterized by acute lesions predominantly in the cerebral cortex, piriform cortex, amygdala and thalamus; (2) stage II (3-7 DPE), more severe subacute lesions involving the same brain regions as those listed in stage I with pan-necrosis in the piriform cortex, and additional marked necrosis of hippocampal neurons, particularly in the CA1 and CA3 regions; (3) stage III (14-28 DPE), chronic-active severe lesions with extensive spread, including pan necrosis of the piriform cortex and thalamic nuclei, dystrophic mineralization in the thalamus. During stage III, there was also an increased occurrence of multifocal or segmental necrosis in the dorsal plate of the dentate gyrus ( Figure 3 ) in 8 of the 16 rats, as well as the ventral plate in one rat at 14 DPE; and (4) stage IV (60 DPE), chronic lesions of milder severity compared with stage III with multicentric neuronal cell loss, resulting in distinct brain atrophy (see also Hobson et al., this issue of Toxicological Sciences). This was particularly notable in the 
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O ET AL. | 333 neocortex and hippocampal formation, as denoted by cerebrocortical and hippocampal thinning due to moderate to severe neuronal cell loss (Figure 3) . Analysis of the temporal progression of global necrosis suggested that mild necrosis was observed during the earliest (stage I, 0.5-1 DPE) and latest (stage IV, 60 DPE) time points; whereas more severe (highest NN scores) and widespread necrosis was observed between 3 and 28 DPE. The severity of NN varied across brain regions. Multifocal or segmental necrosis was consistently observed in the amygdala (24/25), thalamus (22/25), and piriform cortex (22/25) during stages II and III. In contrast, there was significant interanimal variability in the hippocampus, as exemplified by the dentate gyrus, where necrosis was absent in 44% (11/25) of cases, but was multifocal or segmental in 40% (10/25) of cases between 3 and 28 DPE. Interestingly, the 4 animals that exhibited SRS exhibited either multifocal (2/4) or segmental (2/4) NN in the dentate gyrus of the hippocampus during stages II and III.
A linear regression model supported a quadratic association between DPE and global severity of NN, rather than a simple linear increase, with increasing DPE (P < .001; Figure 5 ). The estimated peak severity of NN was on 23 DPE (95% CI ¼ 12-28). Furthermore, a repeated-measures model of the temporal pattern of regional NN (Figure 6 ) supported not only that the severity of necrosis was influenced by time (quadratic association), as seen for the global severity, but also that regional differences exist (P ¼ .01). Overall, the amygdala, piriform cortex, and thalamus experienced significantly more severe NN than the cerebral cortex and hippocampus (P < .006, Figure 6 ). Based on this model, the estimated regional peak severity of NN occurred earliest in the cerebral cortex (0.7 days, 95% CI > window of observation), after 2-3 weeks in the septal area (15.7 days, 95% CI > window of observation), and after > 3 weeks in the thalamus (21.4 days, 95% CI ¼ 10.5, 26.8), amygdala (22.3 days, 95% CI ¼ 10.0, 28.1), piriform cortex (23.5 days, 95% CI ¼ 15.8, 28.3), hippocampal dentate gyrus (26.0 days, 95% CI ¼ 14.3, 33.7), and CA1 (27.4 days, 95% CI ¼ 9.7, 41.4) of the hippocampus ( Figure 6B ). Neuronal necrosis in the cerebral cortex was estimated to peak within stage I. However, the CI was broader than the study period, which when considered together with histological evidence of NN at 60 DPE, suggests lesions in this brain region developed rapidly and remained relatively steady over time.
DFP-Induced Neuroinflammation and Glial Scarring
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Data presented as mean 6 SD (individual animal data can be found in the supplementary file). PC, piriform cortex; CC, cerebral cortex; DG, dentate gyrus; CA, hippocampal cornu ammonis 1 & 3; SA, septal area; A, amygdala, T, thalamus; sum, sum of neuronal necrosis across sub-regions. extracellular thalamic mineral accumulation (Table 2C , Figure 2C and D). These lesions varied according to DPE and brain region. However, in all cases, these lesions were colocalized with regions of concurrent NN, as detected by H&E staining, and/or previous neuronal cell loss, as evidenced by decreased NeuN immunoreactivity ( Figure 7 ). Tissue necrosis (malacia) in the olfactory area occasionally progressed into a cyst-like lesion with dilated blood vessels variably apparent between 3 and 28 DPE (Figure 7 ). Tissue necrosis with inflammation was observed in extra-olfactory tissue in some animals, including the hippocampus at stage III. In all damaged brain regions, astroglial scarring and blood vessel proliferation was evident by stage IV. There was a significant correlation between neuroinflammation (IBA1 and/or GFAP immunoreactivity) and the severity of regional NN (Spearman correlation; P .05), with the exception of GFAP in the thalamus (P ¼ .09). The severity of neuroinflammation varied between the stages of neuropathology (Table 2, Figure 3 ). In stage I, neuroinflammation ranged from minimal to focal perivascular edema with infiltration of blood inflammatory cells, such as neutrophils and macrophages. Reactive astrocytes increased significantly between stage I (0.5 and 1 DPE) and stage II (3-7 DPE) in the piriform cortex (P < .001), cerebral cortex (P < .001), hippocampus (P < .001), amygdala (P ¼ .009), and thalamus (P ¼ .02). In stages II and III, neuroinflammation was characterized by extensive segmental microglial activation and marked astrogliosis surrounding reactive blood vessels in regions of segmental to pan-necrosis (Figure 7) , with diffuse increases in ramifications of IBA1 immunoreactive microglial cells ( Figure 7F, inset) . At stage IV (60 DPE), GFAPþ astrocytes were decreased in number relative to stages II and III, but still increased relative to stage I, whereas IBA1 immunoreactivity had diminished substantially across all brain regions (Figure 3) . Global IBA1 immunoreactivity (IBA1 scores summed across regions) increased with increasing DPE, reaching the estimated peak severity for microgliosis at approximately 28 DPE (95% CI ¼ 23, 33) and declining thereafter (Table 2, Figure 5 ). Modeling of the temporal profile of regional IBA immunoreactivity suggests that microglial activation peaks first in the hippocampus (26.4 days), followed quickly by the amygdala (27.1 days) and thalamus (27.5 days) and later, in the piriform cortex (30.9 days) and neocortex (36.5 days) (Figure 6 ). Similarly, global GFAP immunoreactivity (GFAP scores summed across regions) increased with DPE, although the rate of increase lessened as DPE increased (P ¼ .003, Table 2, Figure 5 ). The estimated peak of GFAP immunoreactivity occurred at 35 DPE (95% CI ¼ 27-47). Modeling of the temporal profile of GFAP immunoreactivity FIG. 4 . Spatiotemporal progression of neuropathology in the brains of rats acutely intoxicated with diisopropylfluorophosphate (DFP). A, Diagrammatic summary of the stages of DFP-induced neuropathology in the rat at bregma -3.14 mm (anatomic outline adapted from Paxinos and Watson 2007) illustrating the spatiotemporal progression of neuronal necrosis and mineralization, assessed by hematoxylin-eosin (H&E) (top, blue shading), microgliosis assessed by IBA1 immunoreactivity (middle, red shading), and astrogliosis assessed by GFAP immunoreactivity (bottom, green shading). Stage I, 12-to 24-hour post exposure corresponding to acute pathology; stage II, 3-7 days post exposure (DPE), subacute pathology; stage III, 14-28 DPE, chronic pathology; stage IV, 60 DPE, resolution phase. B, Representative photomicrographs of DFP-intoxicated (panels ii, iv, and vi) and vehicle control (panels i, iii, and v) animals at 7 DPE illustrating (ii) neuronal necrosis (arrowhead), (iv) microgliosis (arrowhead), and (vi) astrogliosis (arrowhead). Magnification: Â100 (i, ii); Â200 (iii, iv, v, and vi).
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O ET AL. | 335 within regions suggests that astrogliosis peaks approximately 1 month post exposure in the hippocampus (31.4 days) and amygdala (34.5 days), followed by the piriform cortex (42.7 days) and thalamus (46.0 days) ( Figure 6 ). Modeling suggests that GFAP immunoreactivity in the neocortex remains relatively unchanged across the study period, which is consistent with the development of persistent segmental astrogliosis observed from 3-to 60-DPE in this brain region.
Loss of Tissue Integrity and Mineralization
A subset of DFP-treated animals exhibited loss of tissue integrity, as characterized by focally extensive pan-necrosis in the piriform cortex as early as 3 DPE (stage II) ( Figure 7B) , and/or thalamic mineralization initiated by calcium accumulation on lipid cell membranes of necrotic cells. At stages III and IV, animals frequently (18/20) exhibited thick, coarse, extracellular mineralized aggregates within the thalamus, which expanded in size at 28 ( Figure 2D ) and 60 DPE. Extra-thalamic mineralization was restricted to the hippocampus, and only observed in 2 animals. Thalamic mineralization was highly correlated with DPE (r s ¼ .76, 95% CI ¼ 0.58-0.87, P < .001) and astrogliosis (r s ¼ 0.70, CI ¼ 0.49-0.83, P < .001). Although massive infiltration of IBA1 immunoreactive cells was observed in the thalamus coincident with mineralization, the correlation between thalamic mineralization and microgliosis just missed statistical significance (P ¼ .06). Mineralization in the thalamus was not significantly correlated with initial SS AVR (P ¼ .94) or thalamic NN (P ¼ .74).
Effect of Seizure Severity on Lesion Severity
Average seizure severity scores during the first four hours after DFP injection were positively correlated with the sum of NN across brain regions (Spearman's q ¼ 0.58, P < .001, 95% CI ¼ 0.31-0.75), microgliosis (Spearman's q ¼ 0.51, P < .001, 95% CI ¼ 0.22-0.71), and astrogliosis (Spearman's q ¼ 0.42, P < .008, 95% CI ¼ 0.11-0.65) in the 39 DFP intoxicated animals ( Figure 8 ). The parameter SS AVR was then added to the models used previously to estimate peak regional NN, peak regional microgliosis (IBA1) and peak regional astrogliosis (GFAP), which were modified to consider interactions between seizure severity and DPE or region (when applicable). Overall, an increase in SS AVR was significantly (P < .01) associated with an increase in NN and neuroinflammation in all regions assessed.
DISCUSSION
This study shows that acute DFP intoxication causes progressive neuronal cell death, neuroinflammation and tissue remodeling across limbic brain regions and the cerebral cortex, while sparing the cerebellum. Our data confirm previous reports of the neuropathology in the first few days following DFP-induced SE (Deshpande et al., 2010; Flannery et al., 2016; Li et al., 2011; Liu et al., 2012; Rojas et al., 2015) and extend them to demonstrate that across multiple brain regions, NN peaks later than the first . Note the increased GFAP-immunoreactivity (E and K) at the margins of the areas of malacia, in particular, at its most outer margin in the piriform cortex.
Magnifications: Â20 (A, D), Â40 (B, C, E-L), Â200 (inset B, E, H, K), and Â400 (inset C, F, I, L).
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week post exposure, and neuroinflammatory responses do not resolve even 2 months after intoxication. Other significant findings from this study include (1) neuropathology varies according to brain region and time after exposure, and is influenced by initial seizure severity; (2) significant neuropathology occurs in the absence of cardiac lesions; and (3) our preliminary evidence suggests that SRS are associated with more severe brain damage. DFP-induced neuropathology varied significantly between brain regions with respect to lesion composition and progression, suggesting that the pathogenic mechanisms contributing to persistent brain injury may differ between brain regions. In the cerebral cortex, we observed severe NN in stage I that persisted with minimal attenuation out to stage IV. The amygdala, thalamus, and piriform cortex also exhibited severe NN in stage I, but this increased in severity during stages II and III and then resolved by stage IV. In contrast, the hippocampus exhibited minimal neuropathology during stage I that increased in severity during stages II and III, and, by stage IV, had resolved in the dentate gyrus, but persisted in the CA1 and CA3. One possible explanation for why the amygdala and piriform cortex are severely damaged while the hippocampus is relatively spared during the first 24 hours after DFP exposure, is the differential sensitivities of these brain regions to OP-induced seizures. The ventrorostral aspect of the piriform cortex, known as the area tempestas, is a crucial site for seizure initiation following acute OP intoxication (Tang and Loke, 2011) . Furthermore, microinjection of the OP nerve agent VX into specific brain regions revealed that of the eleven brain regions tested, the piriform cortex and portions of the amygdala were the most sensitive, whereas the dorsal hippocampus was the least sensitive (McDonough and Shih, 1997) . Thus, the piriform cortex and amygdala are direct targets of the acute primary cholinergic insult triggered by acute OP intoxication (McDonough and Shih, 1997) . Data presented as mean 6 SD (individual animal data can be found in the supplementary file). PC, piriform cortex; CC, cerebral cortex; DG, hippocampal dentate gyrus;
CA, hippocampal cornu ammonis 1 & 3; SA, septal area; A, amygdala, T, thalamus; HP, hippocampus; NeuPHG, neuronophagia; Total Lesion, sum of neuronal necrosis, microgliosis, astrogliosis, spongiosis, neuronophagia, and mineralization across sub-regions. The minimal NN observed in the hippocampus at stage I relative to other brain regions suggests that the substantial neuronal cell loss and gliosis observed in this brain region beginning in stage II (3 DPE) is mediated by subacute or chronic mechanisms. One mechanism consistent with the delayed increase in hippocampal necrosis is transneuronal degeneration, a phenomenon in which damage to neurons within a circumscribed area leads to propagation of damage along their associated neural circuits (Fornito et al., 2015) . There is a well-described neural circuit linking the piriform cortex to the hippocampus via the perforant pathway that runs through the perirhinal and entorhinal cortices (Vismer et al., 2015) . It has previously been shown that unilateral transection of the perforant path causes unilateral denervation of the dentate gyrus with delayed neuronal degeneration in the dentate molecular layer at 7 d postlesioning (Del Turco et al., 2014) . In the DFP rat, hippocampal necrosis occurs subsequent to extensive neuronal cell death in the piriform and entorhinal cortices, supporting a model of transneuronal degeneration.
Another potential mechanism contributing to the progressive pathology observed following acute DFP intoxication is neuroinflammation (Banks and Lein, 2012; Chen, 2012; de Araujo Furtado et al., 2012) . In experimental models of acute soman intoxication, an early increase in GFAP immunoreactivity, followed by microglial activation, precedes neuronal injury, suggesting that, in this model, an early neuroinflammatory response contributes to neuronal injury (Baille-Le Crom et al., 1995; Zimmer et al., 1997) . Consistent with previous studies (Flannery et al., 2016; Kim et al., 1999; Li et al., 2011 Li et al., , 2015 Rojas et al., 2015) , we observed that DFP-induced SE also triggers an early and robust neuroinflammatory response that overlaps spatially and temporally with extensive neurodegeneration in multiple brain regions. Although we observed a significant correlation between neuroinflammation and NN, the temporal relationship varied from that reported for sarin. In the DFP rat, the neuroinflammatory responses were minimally apparent during the first 12 hours post-DFP exposure in brain regions with severe NN, while, at later times, global and regional microgliosis and astrogliosis remained elevated even after NN began to subside in corresponding brain regions. Whether these neuroinflammatory responses are a cause or consequence of NN following acute DFP intoxication remains to be determined. However, recent evidence demonstrating that attenuation of neuroinflammation by pharmacological inhibition of the EP2 receptor reduces the severity of neurodegeneration and cognitive impairment in the rat DFP model (Rojas et al., 2015 (Rojas et al., , 2016 ), supports a model in which neuroinflammation contributes to NN.
Following acute DFP intoxication, the thalamus, and to a lesser extent the hippocampus, developed dystrophic mineralization, also known as calcification, which was not observed in other brain regions with severe lesions. Acute OP intoxication triggers excitotoxicity, which increases intracellular calcium to pathological levels (McDonough and Shih, 1997) , and neuronal levels of intracellular calcium can remain significantly elevated for up to a month after DFP intoxication (Deshpande et al., 2010) . It is hypothesized that in the face of depleted ATP levels, intracellular calcium is aggregated as a defense against calciummediated cytotoxicity (Rodriguez et al., 2009) . This suggests that the mineralization observed in the thalamus of DFP-intoxicated rats is mediated by calcium dysregulation and energy depletion downstream of excitotoxicity. Progressive neurodegeneration and mineralization are hallmarks of ischemic injury (Ansari et al., 1990; Martin et al., 1998) , but whether DFP-induced mineralization is influenced by ischemia, in addition to or independent of seizure-mediated damage, is difficult to determine because both ischemia and seizures converge on similar cellular stress responses (Auer and Siesjo, 1988) . No damage was observed in the hearts of DFP intoxicated rats, ruling out global ischemia. However, this does not rule out the potential for local ischemia due to mismatches between the ratio of glucose utilization to oxygen delivery at a regional level in the brain, as has been documented in a rat model of soman exposure (Shih and Scremin, 1992) . Interestingly, the regions experiencing relative ischemia in this soman study included the thalamus and hippocampus, but not the piriform cortex or amygdala, which mirrors the distribution of mineralization in our DFP model.
Recent reports indicate that approximately 30% of somanintoxicated animals develop SRS (de Araujo Furtado et al., 2010) . Similarly, we observed that a subset of DFP animals exhibited behavior consistent with SRS. Because we were only able to observe SRS using behavioral criteria, and only during limited time frames when animals were being handled, we cannot rule out the possibility that we did not capture all of the DFP animals with SRS. Given that caveat, DFP animals that were observed to exhibit SRS behavior had more severe neuronal damage than other DFP-intoxicated animals in our study, which is consistent with reports of more severe lesions in soman-intoxicated rats that developed electroencephalographic SRS, compared with those that did not (de Araujo Furtado et al., 2010) . In both models, SRS were associated with severe damage in the piriform cortex, thalamus and hippocampus at 2-3 weeks post exposure. It is not clear, however, whether animals with more severe damage in these brain regions are more likely to develop SRS, or whether recurrent seizure activity in the weeks following OPinduced SE further exacerbates existing lesions, promotes new injury or prevents lesion resolution.
Acute DFP intoxication rapidly triggers robust behavioral and electrographic seizure activity that lasts for several hours (Deshpande et al., 2010) , raising questions about the relative contribution of seizure activity vs. direct toxic effects of DFP to the resulting neuropathology. SE triggered by kainic acid, lithium, pilocarpine, and flurothyl-induced SE (Gayoso et al., 2003; Ingvar et al., 1988; Wall et al., 2000) has been reported to cause extensive and persistent necrosis and neuroinflammation, as well as progressive expansion of dystrophic mineralization in limbic brain regions. The similar patterns of neuropathology across chemically diverse SE models suggest that DFP-induced neuropathology is primarily dependent on seizure activity. In support of this hypothesis, the time-weighted SS AVR score was highly correlated to neuroinflammation and NN across all brain regions. A potential caveat is that we assessed seizure severity using behavioral criteria. However, the seizure scoring system we used was previously validated against electroencephalography in a comparable DFP rat model (Deshpande et al., 2010) . Moreover, the SS AVR captures the magnitude and duration of seizure behavior, and studies of the OP nerve agent soman identified a positive correlation between the magnitude and duration of electroencephalographic seizures and the severity of brain damage (Carpentier et al., 2001; Lallement et al., 1994; McDonough et al., 1995) .
In summary, the evolving and region-specific nature of the damage elicited by acute DFP intoxication parallels that observed following SE triggered by OP nerve agents (Collombet, 2011; Kadar et al., 1995; McDonough and Shih, 1997; McLeod et al., 1984; Petras, 1994) and other chemicals (Gayoso et al., 2003; Ingvar et al., 1988; Wall et al., 2000) . These findings validate the DFP model as a tool for developing broad-spectrum medical SIS O ET AL. | 339 countermeasures against diverse seizure-inducing chemicals, and underscore the need for longitudinal monitoring of pathology and therapeutic response.
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